Background: Non-small-cell lung cancer (NSCLC) was known as the most malignant tumor. Paclitaxel (PTX) is the effective drug used for the treatment of NSCLC; however, it also exhibits severe side effects. Emodin could induce apoptosis of NSCLC cells and serve as a potential cancer therapeutic agent. However, the effects of combination of emodin with PTX on NSCLC remain unclear. Thus, this study aimed to investigate the effects of emodin in combination with PTX on A549 cells. Materials and methods: The effects of combination treatment on the proliferation, apoptosis and invasion of NSCLC cells were evaluated by CCK-8, flow cytometric and TUNEL assays, respectively. In addition, Western blotting was used to detect the expressions of Bax, Bcl-2, active caspase 3, p-Akt and ERK in cells. Results: Combination of emodin with PTX synergistically inhibited the proliferation of A549 cells in vitro. In addition, we found that emodin significantly enhanced PTX-induced apoptosis in A549 cells via increasing the expressions of Bax and active caspase 3 and decreasing the levels of Bcl-2, p-Akt and p-ERK. Moreover, emodin markedly enhanced antitumor effect of PTX on A549 xenograft without significant side effects in vivo. Conclusion: Our findings indicated that emodin could significantly enhance antitumor effect of PTX in vitro and in vivo. Therefore, the combination of emodin with PTX may serve as a potential strategy for the treatment of patients with NSCLC.
Introduction
Lung cancer is the main cause of cancer-related death in worldwide, 1 which is characterized by high morbidity rates, high metastasis rates and high death rates. 2 Non-small-cell lung cancer (NSCLC) is the most common malignant tumor in the world and accounting for 80 percent of all lung tumors. 3 A 60% of patients with NSCLC were diagnosed with advanced stage of disease. 4 Patients with advanced NSCLC have less response to chemotherapy, because of the side effects and drug tolerance. 5, 6 Although surgery is the most commonly method to treat patients with improve the efficacy of therapy. 11 Recently, several traditional Chinese medicine (TCM) monomers, such as andrographolide, tomatine and piperlongumine, have been found to exhibit synergistically antitumor effects against various cancers when combined with PTX. 8, 11, 12 Therefore, combination of TCM with PTX may be a potential therapeutic method for the treatment of NSCLC. Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone), a natural active anthraquinone compound, was extracted from the rhizome of Rheum palmatum (a Chinese medicinal herb). Emodin has been indicated to have a multiple of pharmacological and biological functions, including anti-inflammation, anti-neuro and anti-renal protection effects. [13] [14] [15] In addition, emodin was reported to inhibited A549 cell invasion and migration via inducing apoptosis. 16, 17 Therefore, the present study aimed to explore the antitumor effects of combination of PTX with emodin on human NSCLC cells A549 in vitro and in vivo.
Materials and methods

Cell culture
A549 human NSCLC cell line was purchased from American Type Culture Collection (Rockville, MD, USA). A549 cells were cultured in Dulbecco's Modified Eagle's Medium (Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ml penicillin and 100 μg/ml streptomycin (Thermo Fisher Scientific) in a 5% CO 2 humidified incubator at 37°C.
CCK-8 assay
The cell viability value was measured by cell counting kit- 
Combination studies
The combination index (CI) by Chou was used to analyze the drug combination studies. 18 Combinations of PTX with emodin were utilized in the cell treatments. A549 cells were exposed to solutions containing 0, 5, 10, 20, 40 μM emodin combined with PTX (range 0 from 32 μM). 
Western blot analysis
The cells were collected and protein concentrations were measured using BCA protein assay kit (Beyotime 
Animal study
To investigate the anti-tumor effects of combination of PTX with emodin on NSCLC tumor-burdened animals, 16 male BALB/nude mice (aged 4-6 weeks) were purchased from Shanghai Slac Animal Center (Shanghai, China) and housed within a constant temperature of 18-23°C and 55-65% humidity. Sixteen nude mice were randomly divided into four groups (4 mice/group): vehicle, PTX (10 mg/kg), emodin (50 mg/kg), or PTX + emodin. Aliquots of A549 cells (5 × 10 6 cells, in 100 μL of PBS)
were injected subcutaneously into the right armpit area of the mice. Tumor volume was measured by caliper according to the formula: 1/2× (length × width 2 ) weekly for three weeks until mice were sacrificed under anesthesia. The body weight and tumor weight were recorded when nude mice were sacrificed on day 21. Parts of each tumor tissue were stored at −20°C for immunohistochemical staining. All animal experiments were performed in accordance with institutional guidelines, following a protocol approved by the Ethics Committees of Zhejiang University. National Institutes of Health guide for the care and use of laboratory animals was strictly followed by us.
TUNEL staining
Tumor tissues were stained using an APO-BrdU™ TUNEL Assay Kit (Thermo Fisher Scientific, #A23210), according to the manufacturer's instructions.
Statistical analysis
Each group were performed at least three independent experiments and all values were expressed as the mean ± standard deviation. The comparison between two groups was analyzed by Student's t-test. The comparisons among multiple groups were made with one-way analysis of variance followed by Dunnett's test. For all tests, values of P<0.05 or P<0.01 were considered to indicate a statistically significant difference.
Results
Combination of emodin with PTX synergistically inhibited the proliferation of A549 cells
The chemical structure of emodin was indicated in Figure 1A . CCK-8 assay was used to evaluate the effects of emodin or/and PTX on the viability of A549 cells. The result indicated both emodin (range from 0 to120 μM) and PTX (range from 0 to 32 μM) inhibited the proliferation of A549 cells in a dosedependent manner ( Figure 1A and B) . In addition, 4 μM PTX significantly inhibited the proliferation of A549 cells and exhibited about 60% growth inhibition ( Figure 1C) . Therefore, 4 μM PTX were utilized in the following experiments. Moreover, emodin (10, 20 or 40 μM) markedly enhanced the antiproliferative effect of PTX on A549 cells ( Figure 1D ).
As shown in Table 1 , IC 50 value of PTX (alone treatment) was 10.08 μM. However, when PTX was combined with emodin (5, 10, 20 or 40 μM), the IC 50 value of PTX was decreased in the range of 1.33-8.65 μM (Table 1 ). In addition, it was noticed that the CI values of emodin (10 or 20 μM) combined with PTX were less than 0.8, which indicated the moderate synergism (Table 1) . Meanwhile, the CI value of 10 μM emodin combined with PTX treatment group was lower than other groups. Therefore, 10 μM emodin combined with 4 μM PTX was utilized in the subsequent experiments. Meanwhile, the value of DRI was dose-dependent (Table 1) . These results suggested that combination of emodin with PTX synergistically inhibited the proliferation of A549 cells.
Emodin could enhance PTX-induced apoptosis in A549 cells
To further demonstrate the effects of combination of emodin with PTX on A549 cells, immunofluorescence and flow cytometry were applied. Ki67 is normally used as a detector for cells in a proliferative state. In immunofluorescence assay, 4 μM PTX significantly inhibited the proliferation of A549 cells, while 10 μM emodin had very limited effect on cell growth (Figure 2A ). However, the antiproliferation effect of PTX was notably increased in the presence of emodin, compared with PTX alone (Figure 2A ). In addition, PTX-induced cell apoptosis was markedly enhanced by treatment of emodin ( Figure 2B ).
Next, Western blotting was used to detect the apoptosis-related proteins Bax, Bcl-2 and active caspase-3. As shown in Figure 2C -F, PTX markedly increased the expressions of Bax and active caspase 3 and decreased the expression of Bcl-2, compared with the control group. As expected, the levels of Bax and active caspase 3 in cells were further increased by emodin, while the expression of Bcl-2 was further decreased, compared with the PTX alone ( Figure 2C-D) . All these data suggested that emodin enhanced PTX-induced apoptosis in A549 cells.
Combination of emodin with PTX inhibited Akt and ERK pathways in A549 cells
To explore the mechanisms by which the combination inhibited the proliferation of A549 cells, Akt and ERK pathways were investigated. As indicated in Figure 3A 
Emodin could enhance the antitumor effects of the PTX on NSCLC in vivo
To further confirm the effects of the combination on tumor growth in vivo, a xenograft mouse model was used. As shown in Figure 4A and B, 10 mg/kg PTX decreased the tumor volume, while 50 mg/kg emodin had very limited effect on the tumor volume on day 21. Similar to in vitro data, the volumes of the tumors were further decreased by the combination treatment compared with the PTX group. In addition, the tumor weights in combination treatment group were notably decreased, compared with 10 mg/kg PTX or control group ( Figure 4C) . Meanwhile, the combined treatment had no effect on the body weight changes of mice, which indicated this treatment strategy was tolerable ( Figure 4D ). These results illustrated that emodin could enhance the antitumor effects of PTX on NSCLC in vivo. 
Discussion
PTX is a common and an effective drug used for the treatment of cancer, while PTX also exhibits severe side effects. 8, 9 The use of TCM monomer and PTX in combination is a prospective method to reduce cytotoxicity induced by PTX and to increase the curative effect. In this study, we aimed to investigate the antitumor effect of emodin and PTX on A549 cells in vitro and in vivo.
Our results indicated that emodin significantly enhanced the antiproliferative and proapoptotic effects of PTX in vitro and in vivo.
The results suggested that low-dose emodin markedly enhanced the PTX-induced antitumor activities on A549 cells in vitro and in vivo. This finding similar to previous reports that combination of carboplatin with PTX or combined PTX with triptolide-coloaded could synergistically inhibited tumor growth in lung cancer. 19, 20 In addition, our data suggested that 50 mg/ kg emodin had very limited effect on the tumor weight or body weight of mice. Moreover, the combination treatment significantly reduced the tumor weight and had no effect on the body weight changes of mice, which indicated that this treatment strategy had no obvious systemic toxicity. Consistently, li et al found that emodin increased cisplatin-induced cell apoptosis in xenograft tumors without obvious systemic toxicity. 21 All these results demonstrated that combination treatments could inhibit A549 cell proliferation without systemic toxicity in vivo.
On the other hand, emodin enhanced the PTX-induced apoptosis in A549 cells via increasing the level of Bax and active caspase 3 and decreasing the level of Bcl-2. Lai et al found that emodin induced apoptosis in A549 cells via upregulating the expression of Bax in lung cancer. 22 PTX in combination with 5-demethylnobiletin induced cell apoptosis through regulating caspase 3 pathway in lung cancer. 23 Consistent with these results, the combination of emodin with PTX could induce apoptosis via upregulation of Bax and active caspase 3 and downregulation of Bcl-2 in A549 cells. Next, the mechanisms underlying the antitumor effects of the combination on NSCLC were further investigated. Akt and ERK signaling pathways are key modulators of cell proliferation and apoptosis in NSCLC, which can promote tumor cell growth and inhibition of apoptosis. 24, 25 Previous evidence has indicated that activation of Akt/ERK could increase PTX-induced gastric cancer cell resistance. 26 Previous studies also suggested that inhibition of Akt could increase PTX sensitivity in human ovarian cancer cells. 27 In addition, Bartling et al also found that PTX induced lung cancer cell apoptosis via inhibition of ERK and Akt kinases. 28 
Conclusion
In conclusion, emodin enhanced the antitumor effects of PTX on A549 cells in vitro and in vivo. The results suggested that the combination of emodin with PTX may serve as a potent strategy in the treatment of patients with NSCLC.
